The Particle Image Velocimetry (PIV) technique with high precision and spatial resolution is a suitable sensor for flow field experiments. In this paper, the PIV technology was used to monitor the development of a displacement field, velocity field and acceleration field of a rock slide. It was found that the peak acceleration of the sliding surface appeared earlier than the peak acceleration of the sliding body. The characteristics of the rock slide including the short failure time, high velocities, and large accelerations indicate that the sliding forces and energy release rate of the slope are high. The deformation field showed that the sliding body was sliding outwards along the sliding surface while the sliding bed moved in an opposite direction. Moving upwards at the top of the sliding bed can be one of the warning signs for rock slide failure.
Introduction
With an increasing number of large engineering projects such as hydropower engineering, national defense project construction and road construction are implemented in mountain areas; the change of climate and the environment pollutions cause the rock slide hazard to frequently happen. The sliding body rotating along the sliding surface with high speed and high energy [1] has been released. So the failure mechanisms of large-scale rock slides need more attention since the brittle failure time is short.
The stability of rock slides was investigated through surface displacement measurements [2] . During the process of progressive failure, the cracks developing at the sliding surface can be used to reflect the stability of the slope [3] [4] [5] . Microseism [6] [7] [8] and acoustic emission techniques [9, 10] can reflect the process of rock failure and be applied for early warning techniques. Comprehensive measures such as the finite-element analysis [11, 12] , reinforcement techniques [13] , multivariate information [14, 15] and dynamic design methodology [16] were commonly used to deal with these slope stability problems.
Laboratory tests such as shaking table tests [17] , ring shear tests [18] , 3D resistivity tomography [19] , ground-based radar interferometry [20] , fiber monitoring network [21] [22] [23] , Fiber Bragg Gratings sensing bars (FBG) [24] , and Particle Image Velocimetry (PIV) [25] [26] [27] [28] [29] [30] were used to study the mechanism of slope instability. However, the failure form of the rock slide is brittle failure, and the failure time is short. The whole failure situation of the rock slide cannot be obtained by using the above methods, and the specific temporal deformation trend of rock slide cannot be obtained.
The PIV technique was commonly applied to monitor displacement fields [17, [28] [29] [30] and strain fields [27] for the rock slope failure. However, the velocity and acceleration field of the slope body were seldom analyzed. In this paper, the PIV technique was used to study the velocity field and the acceleration field during the slope failure process. The failure pictures of rock slope were collected by using high-speed camera, and the velocity vectors were obtained by using this sensor technology. The instantaneous forces about the failure mechanism of rock slide were analyzed. results in fluid mechanics. Combining the advantages of both single-point and display measurements, the PIV system not only contains the precision and resolution of single-point measurements but also obtains the overall flow field and transient images.
PIV Sensor and Experiment Preparations
The PIV system automatically distributes the tracer particle in the whole sliding slope through a two-dimensional plane. The particles move with slope collapsing, so the displacement and velocity are easily obtained by locating the trajectories of all particles between two pictures. Given the particle trajectory between two pictures, the velocities along the direction and the direction are determined according to
where the displacements and are a function of time which can be expressed by the functions ( ) and ( ); is the current time; Δ is the time interval, which is 0.02 s in this paper; V and V are the instantaneous average velocities in the and directions over Δ .
Experimental Materials and Test
Principle. The test model is processed into 300 * 300 * 50 mm 3 . The model imitates a three-step failure of sliding slope (Figure 1 ).
Step one is creep along the horizontal soft stratum in the lower part of slope (see III in Figure 1 ), step two is tension at the back edge (see I in Figure 1 ), and step three is shearing of the locking section in the middle of the sliding surface (see II in Figure 1 ). Eight monitoring points were selected in the rock slide (see Figure 1 ). Point A is at the top of the sliding slope, Points B, C, and D are at the potential sliding surface, Point E and Point F are at the potential sliding body, Point G is at the bottom of sliding bed, and Point H is at the middle part of sliding bed. The specifications of the sliding slope, position of the monitoring points, mechanical parameters, and material characteristics are shown in Figure 1 and Table 1 . and are determined from the direct shear test.
PIV Monitoring Solutions and Experiment Scheme.
The acquisition frequency of the PIV system is 50 Hz and the pixel resolution of the camera is 2048 * 2048. The slope model was fixed in a test frame and the camera was placed in front of the model ( Figure 2 ). The jack pressure was prepared to be added after the installation of the equipment. The pressure jack was set on the preset load part of the model; then the pressure was added step by step with a constant velocity. Velocity field and displacement field were collected since the experiment started and transformed by using PIV sensor. The velocity of the sliding slope was calculated by the displacement field; then the acceleration field was obtained according to the velocity field in the process of failure.
Experimental Results and Analysis

Extension of Cracks and Sliding
Surface. The test model simulated the failure of the three-step sliding slope, the rock slope had failed in the experiment when the jack pressure reached 7 MPa. The temporal and spatial evolution process of failure cracks was obtained by the high-speed camera of the PIV system ( Figure 3 ). 0.06 s and the crack coalescence with the sliding body failure occurred at 0.08 s. Thereafter, the sliding body rotated along the direction of sliding bed. The rock slide was completely destroyed at 0.1 s and the whole sliding surface presented a trend of circular shape movement. The velocity field around Point A (Figure 4(a) ) which is at the top of the slope is orientated in an upper right direction. The velocity of Point A was almost zero at 0.04 s, but then it reached a velocity of −5.73 m/s at 0.06 s. The tension crack appeared on the top of the slope at this moment (Figure 3(c)) ; then, the coalescence of the failure surfaces generated the instability (Figure 3(d) ). Therefore, the upward moving phenomenon at the top of the slope can be used as a warning sign for rock slide failure. Point B moved along the sliding surface with a relatively high velocity. Point G and Point H in the sliding bed both moved in an opposite direction of the movement along the sliding surface with a relatively low velocity but Point H moved quicker than Point G. Since Point H is in the middle of the sliding bed while Point G is in the bottom of the sliding bed, this phenomenon shows that different part of the sliding bed can have different failure and the deep region of the rock slope does not have a large amount of deformation.
Velocity Field and Displacement
The changes of displacement field showed the deformation of the rock slide during the failure. Points A, B, F, and G were selected for analyzing the displacement field. The displacement of Point B was 0.5 mm at 0.02 s, 7.5 mm at 0.04 s, and 75 mm at 0.06 s, respectively. This shows that the tension crack started to appear at the top of the slope at 0.02 s and increases with time quickly. The displacement of the various parts gradually increased with the coalescence of the sliding surface. Figure 5 showed that the displacement field of Point F in the sliding body also follows the circular trajectory: the point in the sliding body first moves towards the sliding bed ( Figure 5(b) ), then towards the slope free surface, and finally dumps along the sliding surface. It can be seen from Figures 4 and 5 that the deformations at the bottom of the rock slope such as Point G are almost zero, which means the failure has little influence at the deep region of the rock slope. It can be concluded that each part of the rock slope has different law of motion and the displacement of each part in the rock slope is discontinuous.
In addition to the velocity and displacement, the variation of the velocity and displacement versus time of the 8 monitoring points at the slope is summarized in Figures 6-9 . The mean value of displacement and velocity (Tables 2 and 3) is observed for the temporal and spatial evolution regularity of the sliding slope (the positive values correspond to the downside of the vectors and the negative value corresponds to the upper side in Figures 6-9) . Table 2 showed that the velocity along the sliding surface is the highest (20 m/s), and the velocity of the sliding bed is relatively small. Figure 6 shows that the velocity of Point A was −5.71 m/s at 0.06 s while the other point in the sliding surface was almost zero at that time; this was the beginning moment of rock slope failure. It can be seen from Figure 6 that the velocities of Point E and Point F are different, and the sliding bed and the sliding surface have the same phenomenon.
It can be seen from Figures 8 and 9 that the displacement increases with failure time. The failure happened in the sliding body first, then the sliding body start to collapsed at a uniform velocity, and finally the deformation comes into a accelerative stage until the complete failure of the slope. It can be seen from Table 3 that the average deformation on the sliding surface is the largest (0.29 m) and the average deformation on the sliding bed is relatively small (0.1 m). 
Acceleration Characteristic.
Acceleration and the internal instantaneous force can be obtained by (2) with a change in the velocity field over :
where Δ is the time interval (0.02 s); V is velocity of the previous time; V +Δ is velocity of next time; is the particle mass. The mass of a unit volume of 1 cm 3 of a particle is taken as a unit mass in this experiment. is acceleration, is instantaneous force at that point.
The variation of the acceleration versus time is shown in Figures 10 and 11 . The sequences of the mean variation in acceleration which is taken as the mean value are shown in Table 4 . It can be seen from Figure 10 that the maximum acceleration can reach a value of 500 m/s 2 that indicates strong instantaneous forces and high energy release during rock slope failure. Figures 10 and 11 show that the acceleration of the sliding surface and the sliding body reached maximum at 0.06 s. This indicates that the sliding surface and the sliding body fail at the same time. The instantaneous force at this moment is high. In addition, the acceleration at the top of the sliding body reached peak at 0.04 s while the sliding surface reached peak at 0.06 s, which means the instantaneous force is relatively high and the sliding surface is not completely coalescing at this moment.
Acceleration indirectly reflects the magnitude of the force. The acceleration of the top of sliding bed increases significantly at 0.04 s (Figure 10) , and the acceleration of sliding surface and sliding body, respectively, increases rapidly at 0.06 s (Figures 10 and 11) . Table 4 indicates that the acceleration of each particle suddenly increased when the sliding surface coalesced, and the force reached a peak at this moment. Therefore, a trend of displacement at the top of the sliding slope can be considered as the beginning of the failure for the rock slide. 
Discussion and Conclusion
A rock slide failure experiment was carried out and the slope failure trajectory had been analyzed based on the PIV technology. Many deficiencies were also found in this experiment: (1) only the deformation on the exterior of the 8 Journal of Sensors model in a two-dimensional plane can be monitored with the PIV equipment. The development of the internal crack needs to be monitored with other techniques, such as acoustic emission. (2) The PIV camera was placed at a long distance in order to avoid brittle failure. Additionally, other devices placed on the rock surface (like strain gauges) will disrupt the vector lines of the moving mass when the rock failure is completely destroyed. This leads to some disruption of the vector lines, which will have a certain impact on the accuracy of the final data (Figures 4 and 5) . (3) In this experiment, the influence of model dimension was not considered; the position of jack pressure can also make an influence on model test. During the rock slope failure, the internal friction may become a factor for the upward moving phenomenon at the top of the sliding bed, which needs further discussion and exploration.
The conclusion can be summarized as follows:
(1) PIV observes the temporal and spatial evolution regularity of the motion parameters for the whole rock slide. By using high-speed camera and the sensor technology, the failure pictures for rock slide are transformed into velocity and displacement vectors. Trials found that the crack first appeared on the top of the slope, then the sliding surface collapsed, and the sliding body failed with a circular shape. Finally the sliding body completely dumped, and the rock slide failure was finished.
(2) It can be concluded that the direction of the displacement of the sliding body is first towards the slope bed side, and then it turns to the slope free surface and finally continues moving towards the slope free surface; the velocity is relatively high. The sliding bed moves to the opposite direction and the velocity is relatively small. It can also be found that the points in the same part of the rock slope can also have different law of motion and the deep region of the rock slope does not have a large amount of deformation.
(3) The acceleration of the different parts of the rock slide reaches maximum at different moments: the top of the sliding bed reaches the peak first, followed by the sliding surface and the sliding body. The maximum acceleration appears in the sliding surface, which means a high energy release for the rock slide. The upward movement of the top of the sliding bed can be a warning sign for rock slide failure.
